Thyroglobulin (Tg) is produced only by thyroid follicular cells. Following total thyroid ablation, it should be undetectable in serum and any detectable level then indicates the persistence or recurrence of neoplastic disease. This is the basis for the use of Tg as a postoperative tumor marker in the follow-up of thyroid cancer patients (1) . The aim of follow-up is the early detection of persistent or recurrent disease, and this is made possible by the combined use of sensitive Tg measurement, neck ultrasound and a 131 I total body scan (TBS) (2, 3) .
The results of Tg measurement are highly dependent on the method used. This paper therefore focuses ®rst on the methods used for the measurement of serum Tg level and then analyzes results obtained during the follow-up of patients with differentiated thyroid carcinoma, mainly based on experience at the Institut Gustave-Roussy, Villejuif, France.
Limitations of serum Tg measurement
The ®rst method for routine measurement of serum Tg level was described in 1973 by Van Herle et al. (1) . It was a competitive radioimmunoassay (RIA) using rabbit polyclonal anti-Tg antibodies. Functional sensitivity was 3±5 ng/ml, which at that time and for this technique was considered as excellent.
Since the mid 1980s, immunoradiometric assays (IRMAs) using monoclonal anti-Tg antibodies have been available. IRMAs are currently considered as reference methods and are routinely used in almost all European centers. Functional sensitivity was 1±2 ng/ml and correlation with previous RIAs was excellent in sera in which there was no interference in the assay. Since 1994, the functional sensitivity of IRMA methods has improved to less than 1 ng/ml (4, 5) . However, the clinical signi®cance of some of these highly sensitive IRMAs becomes questionable either because intra-and interassay precision is not stable enough from batch to batch, or because non-speci®c effects in the assay system lead to a large number of detectable, although low, Tg values that do not correspond to the clinical history or actual situation of the patients.
Efforts made towards the standardization of Tg measurements (6) have succeeded in only partly reducing the differences between assays, and so comparisons of results obtained with different assays will continue to pose dif®culties.
Serum Tg auto-antibodies (Tg Ab) are found in at least 15% of patients with differentiated thyroid carcinoma, and can alter the results of Tg determinations. Serum should be screened for Tg AB with a sensitive Tg Ab immunoassay before Tg measurement is undertaken. As an alternative, a recovery test has been advocated, in parallel with each Tg determination. It consists of adding a known amount of Tg to the serum sample and measuring the recovery; it distinguishes sera with interference (recovery <70±80%) and those without interference (recovery >70±80%). The consequences of interference depend upon the method used for Tg measurement. In RIAs, the importance and nature of the interference are not predictable; they may cause over-or underestimation of serum Tg concentrations. Some of the modern IRMAs, using monoclonal antibodies with high binding constants and incubation steps of more than only a few hours, often allow Tg immune extraction from weakly bound endogeneous Tg±Tg Ab complexes to occur. In these IRMAs, interference is found in approximately 1% of sera from thyroid cancer patients and causes only an underestimate. Therefore, in the presence of interference, any detectable Tg level indicates the presence of thyroid tissue; however, when Tg is undetectable a degree of caution is advisable in the presence of Tg Ab even if the recovery test is normal (7) .
From a clinical point of view, Tg Ab are sought at the ®rst Tg determination, preferably by using an RIA method. In their absence, only a recovery test is performed on each subsequent Tg determination. The recovery test is also necessary to detect falsely low Tg values due to the high-dose hook effect, which unfortunately occurs rather early in some assays; furthermore, it is helpful to disclose non-speci®c effects like human anti-mouse antibody interference. If present, Tg Ab should be sought at each subsequent Tg determination.
Serum Tg determination during the follow-up of thyroid cancer patients
The clinical value of serum Tg determination by IRMAs has been evaluated in large series of thyroid cancer patients in whom Tg Ab were not detected or who had a normal recovery test. Furthermore, a few studies of long-term follow-up of patients using sequential Tg determinations have been reported (4, 8±10).
Tg is produced by both normal and tumoral thyroid tissues; the serum level increases following thyroidstimulating hormone (TSH) stimulation by a factor of at least four in patients with neoplastic disease (4, 5, 8±12). Therefore, these studies have been performed in two situations: during L-thyroxine (LT4) treatment and following LT4 withdrawal, with the knowledge of the presence or absence of non-tumoral thyroid remnants.
Patients with neoplastic disease
Clinical data During LT4 treatment, the serum Tg level is related to tumor burden and is elevated in almost all patients with metastases visible on standard X-rays; hence, X-rays are not indicated in patients with undetectable Tg levels. It is lower in those with distant metastases not visible on standard X-rays, and low in most patients with isolated lymph node metastases. In this situation, the Tg level is undetectable in less than 1% of patients with distant metastases visible on X-rays, in 5% of patients with lung metastases not visible on X-rays, and in 20% of patients with isolated lymph node metastases (3±5).
Following thyroid hormone withdrawal, the Tg level is increased in almost all patients with distant metastases, even if these are not visible on X-rays. Similarly, Tg is detectable in almost all patients with isolated lymph node metastases, and its level is frequently high. Therefore, TSH secretion stimulated by LT4 withdrawal increases the sensitivity of Tg measurement for the detection of neoplastic tissue.
Cases of patients with metastases and undetectable Tg levels while off LT4 treatment have been reported. Some of these patients had small tumor deposits, for instance small lymph node metastases, and the undetectable Tg levels may be due to a lack of sensitivity of the method used for Tg measurement or to interference. Rarely, an absence of Tg production by the neoplastic tissue or the production of an abnormal Tg, not detected by the monoclonal antibodies used in the assay, has been postulated.
Positive predictive value When Tg measurement was introduced into routine practice, 13% of patients were found to have detectable Tg levels following total thyroid ablation, and no other evidence of disease, including a negative TBS with a diagnostic dose of 131 I (13±15). In 80% of these patients with a Tg level above 10 ng/ml during LT4 treatment and above 40 ng/ml following LT4 withdrawal, a 131 I TBS performed with 100 mCi revealed uptake in the thyroid bed, lymph nodes or at distant sites (14±16). In the other patients, metastases without any 131 I uptake became clinically detectable some years later. These data clearly show that these detectable Tg levels should not be considered as falsely positive, provided that TSH-stimulated Tg levels are clearly above the corresponding value on LT4 treatment.
In the initial studies, only RIA methods were available. Thereafter, with the availability of sensitive IRMA methods, the decision levels for a highly sensitive 131 I TBS with 100 mCi have been decreased to 5 ng/ml during LT4 treatment and between 10 and 40 ng/ml following LT4 withdrawal (depending on prognostic factors and on the clinical likelihood of persistent or recurrent disease), and to patients with a gradual increase in Tg levels (17) . It should be recalled that when the Tg level is close to the limit of sensitivity of the assay method, TSH stimulation obtained after thyroid hormone withdrawal signi®cantly increases its level; only the absence of signi®cant increase in this situation would identify false positive values.
At the present time, fewer than 2% of patients considered to be in complete remission after total thyroid ablation have detectable Tg level during LT4 treatment. This decrease in the number of patients with detectable Tg level is related to the use of sensitive IRMA methods and to more complete initial treatments and also to the more frequent use of highly sensitive 131 I TBS with 100 mCi. In fact, a recent study compared Tg levels off LT4 treatment and post-ablative 131 I TBS in patients who had undergone a total thyroidectomy: post-ablative 131 I TBS showed ectopic uptake in 11% of patients with Tg levels below 5 ng/ml, in 24% of those with Tg levels ranging from 6 to 15 ng/ml, and in 46% of those with Tg levels above 15 ng/ml (18) . These data clearly show that a TBS should be routinely performed after the administration of a high dose of 131 I.
Patients without detectable disease
Clinical data After total thyroid ablation (by total thyroidectomy and 131 I ablation), the Tg level during LT4 treatment is undetectable in 98% of patients, being low (<5 ng/ml) in the others. Following thyroid hormone withdrawal, the Tg level remains undetectable in 90% of these patients, being detectable at a low level (<10 ng/ml) in the others (4, 5).
After total (or subtotal) thyroidectomy only, the Tg level is undetectable in 93% of the patients during LT4 treatment, and in 80% of them following thyroid hormone withdrawal. These data show that 131 I ablation slightly increases the speci®city of Tg measurement by ablating non-tumoral thyroid remnants; also, it permits a post-ablative 131 I TBS that may reveal metastatic uptake in some patients with detectable Tg levels.
It must be noted that the Tg level may remain detectable for some weeks after initial surgery, and when detectable it should be taken into account only if measured more than 3 months after initial surgery. After lobectomy, the Tg level is undetectable during LT4 treatment in only half of the patients. In the majority of patients with detectable Tg levels, ultrasound examination of the remnant lobe has shown clinically unsuspected micronodules; due to their small size, ®ne needle biopsy may be impossible and in case of progression, surgery may be warranted. These data favor a subtotal or total thyroidectomy in all patients with differentiated thyroid carcinoma. Following thyroid hormone withdrawal, the Tg level is poorly informative in these patients, because it can be produced both by normal and by neoplastic thyroid tissue.
Negative predictive value Among patients with undetectable Tg levels following LT4 withdrawal more than 2 years after initial treatment, long-term follow-up showed a relapse in fewer than 1%. An undetectable Tg level in this situation is therefore an excellent criterion of cure. In these patients, LT4 treatment is aimed at maintaining euthyroidism, with a low to normal or slightly subnormal but not suppressed TSH level, and any other test is unnecessary as long as Tg remains undetectable.
However, a relapse was observed in 10% of patients with undetectable Tg level during LT4 treatment, and a detectable Tg level off treatment more than 2 years after initial treatment. In such patients, we advocate a 131 I TBS with 100 mCi if the Tg level is above 40 ng/ml off LT4 treatment. If negative, LT4 treatment is maintained at suppressive doses, and another 131 I TBS performed with 100 mCi only if it becomes detectable during LT4 treatment.
In many patients with relatively low Tg levels, the relapse was localized to the neck, and could often be demonstrated by high resolution ultrasonography, and ®ne needle biopsy with cytology, and in doubtful cases by Tg measurement in the biopsy¯uid (19) .
Conclusion
Tg measurement is a highly speci®c and sensitive test for the follow-up of thyroid cancer patients, if appropriately selective assay systems are used. In doubtful cases, TSH stimulation provoked by LT4 withdrawal is advocated. In the near future, the availability of recombinant human TSH will permit the stimulation of Tg production, while avoiding symptoms of hypothyroidism (20) . In patients with detectable Tg levels, a 131 I TBS with 100 mCi will frequently reveal the origin of Tg production. High resolution ultrasonography is currently used to reveal neck lymph nodes in patients at risk of a local recurrence. In the majority of patients, undetectable Tg levels off LT4 treatment indicate cure of the disease and allow for LT4 treatment at replacement dose while obviating the need for any other test to be performed.
